Abstract: New copolymers of ε-caprolactone with three hydroxy-fatty acids, 12-hydroxy stearic acid, 16-hydroxyhexadecanoic acid and ricinoleic acid, were synthesized by catalytic polyesterification. The reactions were carried out in solvent-free systems and in organic solvents as well, using tin(II) 2-ethylhexanoate as catalyst, at different temperatures and molar ratios of the comonomers. Cyclic and linear polymeric products with medium molar weight of about 2000 Da have been synthesized and their chemical structures were confirmed by FT-IR, NMR and MALDI-TOF MS analysis. The synthesis parameters were optimized and the ε-caprolactone/hydroxy acid molar ratio was set as 5 : 1, according to mass spectrometry results. The biodegradability of the newly synthesized polymers was studied in the presence of Candida antarctica B lipase in phosphate buffer solutions (pH = 7.4), at 37 °C. The weight-loss profile emphasized the degradation of the 16-hydroxyhexadecanoic acid based polymer samples at more than 50 % of their initial weight in 18 days of incubation in the presence of the lipase. The composition of the degradation products was assessed using the GC-MS technique and displayed residues of the comonomers moieties.
Introduction
Polymers based on natural raw materials have attracted a great deal of attention due to their potential applications in the biomedical field and their biodegradability. Among their applications, these polymers stand out for their efficiency as drug delivery systems and for the development of different medical devices and tissue engineering. In this regard, poly(ε-caprolactone) (PCL) is widely used in biomedical applications because of its biocompatibility, permeability and good mechanical properties [1] [2] [3] [4] . Moreover, the use of PCL for implants and surgical absorbable sutures has been approved by the Food and Drug Administration [5] . The permeability of polymers of ε-caprolactone was comparable to silicone rubber and 10 4 times higher compared to poly(lactic acid) [6] .
Up to now the properties ε-caprolactone were modified by using different comonomers such as sugars/ polysaccharides, ethylene glycol, methacrylates, etc. [7] . Hydroxy-fatty acids (HFA) are other possible candidates as co-substrates, being among the most spread natural compounds. Hydroxy-fatty acids (HFA) are natural occurring compounds which have been intensively investigated for their applications in cosmetics, paints, lubricants, food industry, medicine as well as intermediates in the synthesis of fine chemicals and pharmaceuticals [8, 9] . For example, 12-hydroxystearic acid can be used as thickening agent in the field of lubricants [10] , ricinoleic acid obtained from castor oil finds applications in soaps and as viscosity controller for chocolate and as emulsifier in margarine [11, 12] while 16-hydroxyhexadecanoic acid originating from cutin and suberin [13] is commonly used as surfactant [14, 15] .
Polyesters based on hydroxy-fatty acids derived from vegetable oils, called estolides, have many potential applications due to their biodegradability, biocompatibility and higher thermal oxidative stability compared to the vegetable oils [16] . However, they also have several disadvantages as inappropriate thermal properties and relatively low molecular weights.
Degradation of plastics by microorganisms and enzymes is essential for the reduction of the amount of synthetic plastic waste in the environment [17] , as well as for appropriate utilization of polymeric materials in biomedical applications [18] . The hydrolytic degradation and erosion of solid polymers have been studied by several groups and depends on diverse factors including the relation between the rate of water/enzyme diffusion into the polymer, the rate of chain cleavage by water ions/enzymes, etc. The rate of water diffusion into a solid polymer is strongly influenced by a number of structural parameters, such as its porosity, crystallinity, hydrophobicity and size of the sample [19] . The PCL biodegradation involves the hydrolytic cleavage of the ester groups. Several enzymatic hydrolysis tests were reported [20, 21] , but utilization of Novozyme 435 for degradation studies of PCL copolymers was mentioned only in a few studies.
In this respect, our research was focused on the chemical synthesis of new polyesters derived from ε-caprolactone and different hydroxy-fatty acids, with controlled biodegradability and biocompatibility. From our knowledge, these compounds have been not previously synthesized and characterized. The synthesis of the polymers has been carried out at different temperatures, using tin (II)-2-ethylhexanoate (SnOct 2 ) as catalyst and different molar ratios between the comonomers. The structures of the resulted polymers were confirmed by MALDI-TOF MS which revealed appropriate molar weights and good polydispersity. Their biodegradability was evaluated in enzymatic environment using lipases, the most important enzymes which can hydrolyze ester linkages, at 37 °C and pH = 7.4. The results were well correlated with the theoretical models provided by the HyperChem software.
Materials and methods

Materials
ε-Caprolactone (ECL), 12-hydroxystearic acid (12HSA) (99 %), 16-hydroxyhexadecanoic acid (16HHDA) (98 %), ricinoleic acid (RCA) (98 %), tin (II)-2-ethylhexanoate (SnOct 2 ), trans-2-[3-(4-t-butyl-phenyl)-2-methyl-2-propenylidene]malononitrile (DCTB), potassium trifluoroacetate (KTFA), bis(trimethylsilyl)trifluoroacetamidetrimethylchlorosilane (BSTFA + TMCS = 99 : 1), tetrahydrofuran (THF) (> 99 %) and toluene (> 99 %) were purchased from Sigma Aldrich. Immobilized Candida antarctica lipase B on acrylic resin (Novozyme 435) was from Novozymes.
Methods
Polyester synthesis
The appropriate amount of hydroxy-fatty acid (16HHDA, 12HSA and RCA) was added to ECL at different molar ratios. At low ECL : HFA molar ratio (1 : 1 and 2 : 1), 1 mL toluene was added as reaction medium. The reactions were started by addition of SnOct 2 and were carried out at different temperatures in the range 90-115 °C, at 400 rpm for 24 h. The reaction mixtures were dissolved in THF, dried at 25 °C, resulting a white solid, which was further analyzed by FT-IR, MALDI-TOF MS and NMR techniques.
Enzymatic degradation
The samples were formulated as pellets with about 1.3 cm diameter and 1 mm thickness using a 7 tones manual hydraulic press. Each sample was placed in an individual flask and incubated at 37 °C in phosphate buffer solution (PBS, pH = 7.4) containing 0.02 % NaN 3 (as anti-mildew and antibacterial agent to avoid bacterial proliferation) and 0.6 mg/mL Novozyme 435. Samples were taken out, gently wiped with filter paper, dried at room temperature in a desiccator for 24 h and weighted at different time intervals [22, 23] . The degradation rate was assessed by the weight-loss, which was determined by the following formula for each sample:
where W 0 is the initial weight of each sample and W t is the weight of the sample at time t. Control experiments were carried out for each sample by incubation in buffer solution in the absence of the enzyme. The degradation products were extracted 3 times with 500 μL dichloromethane and their composition was assessed using GC-MS and MALDI-TOF MS techniques. All synthesis and degradation experiments were made at least in duplicate and the MALDI-TOF MS and GC-MS analyses in duplicate, as well. The difference between the individual data for the same experiment was in all cases less than 3 %, therefore only the mean values are provided in the tables and figures, without specifying the standard deviations.
Characterization of the reaction products
MALDI-TOF MS analysis was carried out for composition analysis of polymers, using an UltrafleXextreme Bruker spectrometer with FlexControl and FlexAnalysis software packages for acquisition and processing of the data (BrukerDaltonics, Germany), at an acceleration voltage of 25 kV, using DCTB as matrix and KTFA as ionization agent. The sample preparation and analysis was performed as previously described by our group [16] . The number average molecular weight (Mn), weight average molecular weight (Mw) and the polydispersity index (PDI) have been calculated as described elsewhere [24] .
Fourier Transform Infrared (FT-IR) spectra of the samples were obtained in attenuated total reflectance (ATR) mode on a Bruker Vertex 70 (Bruker Daltonik GmbH, Germany) spectrometer equipped with a Platinium ATR, Bruker Diamond Type A225/Q. Spectra were collected in the range 4000-400 cm −1 with a resolution of 4 cm −1 and with 64 co-added scans. GC-MS analysis was performed using a Thermo Analytic GC-MS system composed from Trace 1310 gas chromatograph, MS module and TriPlus RSH autosampler. The HFA conversion/formation was determined after derivatization with BSTFA + TMCS (99 : 1), at 2 : 1 reagent : sample ratio (w/w), for 1 h at 95 °C, as previously described [25] . Hexadecane was used as internal standard. The analysis conditions for hydroxy-fatty acid analysis have been previously described [16] .
NMR spectra of the isolated product were recorded on a Bruker AVANCE III spectrometer operating at 500.0 MHz ( 
Computational methods
Quantum chemical molecular simulations were carried out by using MM+ and PM3 [26] methods implemented in HyperChem software [27] . All the structures were created with HyperChem package and were first geometrically optimized with molecular mechanics MM+ method. The obtained optimized structures were used in the subsequent geometry optimization calculations performed with the semi-empirical PM3/RHF method. The Polak-Ribiere conjugate gradient algorithm [28] was used with a RMS gradient of 0.01 kcal/mol.
Results and discussion
In this work, we investigated three commercially available hydroxy fatty acids (HFA) : 12-hydroxystearic acid (12HSA, obtained by hydrogenation of castor oil), 16-hydroxyhexadecanoic acid (16HHDA, an ω-hydroxy derivative of palmitic acid) and ricinoleic acid (RCA, the main component of castor oil) as co-substrates with ε-caprolactone for the synthesis of novel polyesters with potential pharmaceutical, medical or cosmetic use.
The possible reaction products of 16HHDA and ECL reactions are depicted in Fig. 1 , as an example of the polymerization reaction which can occur. They could be linear and cyclic copolymers with different number of 16HHDAmoieties in the backbone. However, together with these products of interest, ECL homopolymers and estolides could be also formed as secondary reaction products.
The formation of the desired copolymers was demonstrated based on MALDI-TOF MS analysis. In Fig. 2 a typically MALDI-TOF MS spectrum of the synthesized 16HHDA-ECL copolymer (at 5 : 1 molar ratio) is presented. The molecular peak at about m/z = 1630.8 Da is assigned to the K + adduct of the polymeric chain containing two 16HHDA and nine ECL moieties. We can also notice in the same spectrum the formation of polymeric chains with higher number of ECL moieties, showing a Gaussian distribution, at unit ratios between the 16HHDA and ECL comonomers of 2 : 10; 2 : 11; 2 : 12; 2 : 13 and 2 : 14, respectively.
In a similar manner, the other two hydroxy-fatty acids, 12HSA and RCA yielded the proposed copolymers containing one or more HFA moieties inserted in the PCL backbone. Examples of MALDI-TOF MS spectra of such polycondensation products are presented in the Supplementary material (Fig. S1 and Fig. S2 ).
Influence of the ECL/hydroxy-fatty acid molar ratio and temperature on the molecular weight and composition of the copolymer
The influence of the molar ratio and temperature was studied in order to favor the formation of a higher amount of copolymer. For this reason, ECL/HFA molar ratios between 1 : 2 and 10 : 1 were investigated at two reaction temperatures, 90 °C and 115 °C. The 90 °C temperature value was choose regarding the results previously reported by Dai et al. when poly(4-hydroxyl-ε-caprolactone-co-ε-caprolactone)-g-poly(L-lactide) compounds have been synthesized [7] . The reactions were started by adding SnOct 2 on the pre-solubilized hydroxy-fatty acid and ECL. The average molecular weights and the linear/cyclic copolymer and homopolymer content of each product were calculated based on the MALDI-TOF MS spectra and are presented in Tables 1-3 . Generally, an increase of the average molecular weight with increasing ECL content in the reaction mixture was observed, due to the higher reactivity of the 7-membered ring caprolactone compared to the C16/ C18 hydrophobic hydroxy-fatty acids with linear chain.
In the case of ECL and 16HHDA copolymers ( Table 1 ) the highest average molecular weight was registered at ECL : 16HHDA molar ratio of 10 : 1. The relative content of the copolymer was higher than 95 % and the medium molecular weight of the isolated polymer product was above 1600 Da. The increase of the temperature had no positive effect on the average molecular weight (regardless to the molar ratio) and maximal polymerization degree. Surprisingly, at the highest ECL : 16HHDA molar ratio of 10 : 1 the cyclic polymers were not synthesized at 90 °C, resulting the highest content in linear copolymer, but the polymerization degree was significantly lower than at lower ECL excess. Increasing the temperature from 90 °C to 115 °C, at the same 10 : 1 molar ratio more than 30 % cyclic homopolymer was synthesized. When 12HSA was used as substrate (Table 2) , the same decrease of average molecular weight and polymerization degree was observed at higher temperature. The medium molecular weight showed at the whole an increasing tendency with the increasing of the ECL/HFA molar ratio, but the MALDI-TOF spectra revealed the formation of the reaction product with only one HFA unit in the polymer chain, as major compound (data not shown in Table 2 ). The linear copolymer content of the synthesized products was in the range of 55-70 %. Thus, in this case controlling the formation of products with higher content of linear copolymers was not possible by tuning the molar ratio and/or the temperature. When the comonomer was ricinoleic acid (Table 3) , the highest average molar weight of the copolymer was obtained at 5 : 1 molar ratio, more than 2000 Da at 90 °C and about 1500 at 115 °C. Unlike in the case of the other two HFA, higher temperature favored a higher linear copolymer content of the product. At 115 °C this content was above 80 %, while at 90 °C it could not reach more than 65 %.
Although a general rule cannot be stated, it is obvious that the careful selection of molar ratio and temperature allows for every HFA the synthesis of a copolymer with appropriate composition for the designed application.
Structural analysis of the products
The FT-IR absorption bands of the polymeric products ( Figure S3 , Supplementary material) confirm the ester formation, by shifting the band assigned to the carbonyl group stretching vibration at about 1720 cm −1 . The (Fig. 3) revealed the formation of the carbonyl ester group by the distance coupling (3J, over 3 bonds), between the ester carbonyl group (C=O) from 173.2 ppm with the ester protons (O-CH 2 ) from 4.01 ppm. Moreover, it can be observed the distance coupling between the carbon atom from the ester group and the methylene protons from α and β of the hydroxy-fatty acid moiety [2.32 ppm (-CH 2 -CH 2 -C=O) and 61 ppm (-CH 2 -CH 2 -C=O)].
Enzymatic degradation by lipase-catalyzed hydrolysis
The advantages of PCL as drug delivery carriers, particularly for small drug molecules, have been explored by several groups due to its biocompatibility, high permeability and inability to generate an acid environment compared to other polymers such as polylactide or polyglycolide [29, 30] . Moreover, the slower degradation rates of PCL make it suitable for long-term delivery system for a period of more than 1 year [31] . Determination LC, Linear copolymer; CC, cyclic copolymer; LH, linear homopolymer; CH, cyclic homopolymer; DP max , maximal degree of polymerization (of the copolymer). of the degradation rate of the polymer is a first step for the selection of materials for pharmaceutical formulations, allowing a preliminary evaluation of the concentration of low molecular chains present in the tissue/ media. In this regard, lipase-catalyzed degradation of the synthesized copolymer products was evaluated, compared to PCL. The samples selected for the degradation studies were the products obtained by polycondensation of ECL with 12HSA and 16HHDA, at 5 : 1 molar ratio and 90 °C, as presented earlier. They were assessed by enzymatic incubation at 37 °C at pH = 7.4 (buffered aqueous solution) for 32 days, in the presence of 0.02 % sodium azide and commercial Novozyme 435 lipase. For each type of product control pellets have been incubated in the same conditions, in the absence of the enzyme, to ensure that the weight loss occurs only due to the hydrolysis reaction catalyzed by the enzyme.
The weight loss profiles, depicted in Fig. 4 , indicate that the presence of the HFA in the molecule induce a decrease of the polyester degradation rate. Compared to 12HSA_ECL the enzymatic degradation rate of 16HHDA_ECL copolymer was higher, more than 65 % of its weight being lost in about 30 days, due to the linear structure of the 16HHDA compared with the C6 branched structure present in the 12HSA_ECL molecules. These results are in concordance with previously reported data for other types of ECL based copolymers, when the decrease of the degradation rate with the increase of the content of hydrophobic (butyrolactone [32] ) and even hydrophilic (L-lactide [33] , polyethylene glycol [34] ) residues was observed.
The enzyme acts as hydrolysis agent of the ester bounds formed by polycondensation, reverting the polymer into the raw materials, hydroxy-fatty acids and caprolactone. The composition of the degradation products was investigated by GC-MS, after 3 consecutive extractions with dichloromethane. The resulted chromatograms (an example is given in Fig. S4, Supplementary material) showed the presence of the hydroxyfatty acids, clearly indicating that the desired biodegradation took place as expected.
Quantum chemical calculations of the most stable copolymer structures
For this study, polyester model structures of 10 units each, formed from ECL and the same HFA used in the synthesis part (16HHDA, 12HSA, and RCA) were selected. The calculations were performed for the homopolymers (HP) with 10 ε-caprolactone units and 10 HFA units each, as well as for the linear copolymers (LC) and cyclic copolymers (CC) consisted from 9, 8, and 7CPL units and 1, 2, and 3HFA units, respectively, taking into consideration all possible isomers (178 isomers for each HFA). One of the possible structures, containing eight ECL and two 16HHDA units is depicted in Fig. 5 . The stability of the polymers, as well as the most energetically favored binding positions were evaluated based on the computed enthalpies of formation.
All evaluated structures appear to be stable, having enthalpies of formation in the range from - 1008.27 kcal/mol (for cyclic HP-(10)ECL, the least stable) to - 1713.49 kcal/mol (for linear HP-(10)12HSA, the most stable) for homopolymers and - 1058.35 kcal/mol (for cyclic CP-(9)ECL-16HHDA, the least stable) to - 1268.95 kcal/mol (linear CP- (7)ECL-(3)12HSA, the most stable) for copolymers (the numbers in brackets indicate the number of units from each comonomer). For all linear and cyclic copolymer structures, the stability increases in the order ECL_ RCA < ECL_16HHDA < ECL_12HSA and with the increasing number of HFA units (Fig. 6 ). In the case of homopolymers, the stability increases in the succession ECL (- 1071.63 kcal/mol) < RCA (- 1458.18 kcal/ mol) < 16HHDA (- 1615.60 kcal/mol) < 12HSA (- 1713.49 kcal/mol), for both linear and cyclic structures (the above data are given for the linear structures).
These findings agree with the experimental data collected using MALDI-TOF MS (Tables 1-3) , showing that the main reaction products in all cases were the linear copolymers, also found to be the most stable ones. Moreover, these results indicate that the linear copolymers are more stable than the cyclic ones with the same number of hydroxy fatty acid units (Fig. 7) . The explanation could be that cyclic structures are more geometrically constrained. The same remark is valid for the homopolymers as well, the cyclic structures being less stable than the linear ones.
According to the quantum chemical calculations, the most stable structure among the linear copolymers having a degree of polymerization of 10 are those with three 12HSA moieties in the copolymer structure (Fig. 7) . The real product represents, logically, a mixture of copolymers and homopolymers with different degree of polymerization. As demonstrated earlier, the molar ratio of the starting comonomers has an important influence on the composition of the copolymer product and a higher ECL amount in the starting reaction mixture leads obviously to formation of copolymerization products with higher relative ECL content. However, based on the MALDI-TOF MS spectra it was possible to estimate the relative amount of this copolymer, related to the total amount of linear and cyclic copolymers with DP of 10. The obtained value was 49.11 %, (the MALDI-TOF spectrum of the 16HHDA_ECL copolymer synthesized, at 1 : 2 molar ratio, used for this calculation is presented in Fig. S5, Supplementary material) and confirms the quantum chemical calculations. Based on their computed enthalpies of formation, the most stable polyesters within each series are those with a HFA unit in position 1 of the chain, having the carboxyl group involved in the ester bond. As example, in the case of the linear copolymers containing one HFA structural unit, the ΔH differences between the mentioned copolymers with the HFA unit in position 1 of the chain and their isomers with the same HFA unit in another position (calculated as average value) are 34.55 kcal/mol for (9)ECL_(1)16HHDA, 35.69 kcal/mol for (9)ECL_(1)12HSA, and 37.92 kcal/mol for (9)ECL_(1)RCA.
The results obtained from the enzymatic degradation of the copolymers also endorse the theoretical calculations, since ECL_12HSA suffers a slower enzymatic degradation than ECL_16HHDA. This fact confirms that ECL_12HSA copolymers are more stable than ECL_16HHDA, which agrees with the stability evaluation based on their computed enthalpies of formation.
Conclusions
New copolyesters of ε-caprolactone with three different hydroxy-fatty acids, 12-hydroxy stearic acid, 16-hydroxyhexadecanoic acid and ricinoleic acid, have been synthesized using SnOct 2 as catalyst. Using the MALDI-TOF MS technique, it was possible to determine the average molar weight of the synthesized copolymers. The reaction parameters (molar ratio of the comonomers and temperature) were optimized, the best results being registered at ECL : RCA and ECL : 16HHDA molar ratio 5 : 1 and 90 °C, leading to m/z of about 2200 Da and maximal degree of polymerization higher than 30. The copolymers were characterized by FT-IR and NMR, confirming the formation of the desired polymeric structures.
The biodegradability of the copolymers was investigated in aqueous phosphate buffer at pH = 7.4, and 37 °C, in the presence of a commercial lipase. The insertion of HFA units leads to slower degradation of these compounds during the lipase-catalyzed hydrolysis, suggesting that their behavior in biological fluids could be also controlled by fine-tuning the structure of the copolymers.
